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ABSTRACT: The dynamics of ion intercalation into solid matrices influences the performance of key components in most 
energy storage devices (Li-ion batteries, supercapacitors, fuel cells, etc.). Electrochemical methods provide key 
information on the thermodynamics and kinetics of these ion transfer processes but are restricted to matrices supported 
on electronically conductive substrates. In this article, the electrified liquid|liquid interface is introduced as an ideal 
platform to probe the thermodynamics and kinetics of reversible ion intercalation with non-electronically active matrices. 
Zinc(II) meso-tetrakis(4-carboxyphenyl)porphyrins were self-assembled into floating films of ordered nanostructures at 
the water|-trifluorotoluene interface. Electrochemically polarising the aqueous phase negatively with respect to the 
organic phase lead to organic ammonium cations intercalating into the zinc porphyrin nanostructures by binding to 
anionic carboxyl sites and displacing protons through ion exchange at neutral carboxyl sites. The cyclic voltammograms 
suggested a positive cooperativity mechanism for ion intercalation linked with structural rearrangements of the 
porphyrins within the nanostructures, and were modelled using a Frumkin isotherm. The model also provided a robust 
understanding of the dependence of the voltammetry on the pH and organic electrolyte concentration. Kinetic analysis 
was performed using potential step chronoamperometry, with the current transients composed of “adsorption” and 
nucleation components. The latter were associated with domains within the nanostructures where, due to structural 
rearrangements, ion binding and exchange took place faster. This work opens opportunities to study the thermodynamics 
and kinetics of purely ionic ion intercalation reactions (not induced by redox reactions) in floating solid matrices using 
any desired electrochemical method.
INTRODUCTION
Charge transfer reactions at electrified interfaces 
critically influence the performance of devices with 
energy-related applications.1,2 The continuous 
development of sustainable technologies relies on precise 
analysis of the thermodynamics and kinetics underlying 
the charge transfer reactions involved.3 Of the different 
charge transfer phenomena, a molecular scale 
understanding of electron transfer across solid-liquid 
interfaces is now accessible.4 However, such in-depth 
analysis remains a challenge for interfacial ion transfer 
between two different phases.
Ion transfer reactions are of major importance in many 
energy storage technologies. A key step during cycling of 
lithium-ion (Li-ion) batteries is the reversible ion transfer, 
termed intercalation and de-intercalation, of Li+ between 
the electrolyte and cathode material.4 For supercapacitor 
applications, conducting polymers exhibit 
pseudocapacitance through doping and de-doping of the 
polymer backbone, which involves intercalation and de-
intercalation of electrolyte ions within the polymer film to 
maintain charge neutrality.5 Ion exchange membranes 
(IEMs) are used in combination with electrochemical 
potential gradients to drive intercalation and de-
intercalation, typically through an ion exchange 
mechanism, for the selective transport of certain ionic 
components between phases with different chemical 
compositions.6,7 Such IEMs are critical to the operation of 
fuel cells,8 electrolysers,9 redox flow batteries,10 reverse 
electrodialysers,11 and microbial fuel cells.12
Electrochemical methods are particularly well suited to 
provide key information on the thermodynamics and 
kinetics of these ion transfer processes. However, their 
use is restricted to matrices supported on electronically 
conductive substrates, as is the case for Li-ion battery 
cathodes13–15 or conducting polymer films,16,17 where 
reversible ion transfer is coupled with a redox reaction. 
Analysis of ion transfer reactions in non-electronically 
conductive solids, such as IEMs, is more difficult to study, 
given that ion transfer proceeds through an ion exchange 
mechanism without a flow of electrons.18,19 In this sense, 
the interface between two immiscible electrolyte 
solutions (ITIES),20,21 such as that formed between water 
and suitable hydrophobic organic solvents, offers an ideal 
platform to study the thermodynamics and kinetics of ion 
transfer reactions involving non-electronically conductive 
solids.
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In the absence of redox-active species, polarisation of 
the ITIES induces the movement of aqueous and organic 
electrolyte ions to, and across, the liquid|liquid 
interface.22,23 Thus, a film of solid materials floating at the 
interface will experience a markedly different ionic 
environment and interfacial aqueous pH depending on 
the applied interfacial Galvani potential difference (  / wo 𝜙
V). In this article, we demonstrate that interaction of 
charged or easily ionisable functional groups within the 
floating solid materials with the aqueous and organic 
electrolyte ions gives rise to capacitive currents associated 
with purely ionic reactions. Previous studies involving 
functionalisation of the ITIES with non-conductive 
inorganic materials, such as zeolites24–26 or silica,27–31 were 
primarily motivated to develop sensor technology 
through charge- or size-selective ion transfer across the 
interface. Dryfe and co-works have reported 
electrochemically driven ion exchange involving zeolites 
floating at an ITIES, but no in-depth thermodynamic or 
kinetic analysis was performed.32–34
Herein, we study the thermodynamics and kinetics of 
electrochemically reversible ion intercalation at a floating 
film of self-assembled zinc(II) 5,10,15,20-(tetra-4-
carboxyphenyl)porphyrin interfacial nanostructures 
(ZnPor-INs). The floating film effectively acts as an ion 
penetrable third phase separating the aqueous and 
organic phases. Cyclic voltammetry in the presence of the 
ZnPor-IN film was amenable to thermodynamic analysis 
using the Frumkin isotherm13–15 and kinetic analysis was 
performed using potential step chronoamperometry.35 
These purely ionic voltammetric and current transient 
responses were analogous to those commonly associated 
with reversible ion intercalation coupled with electron 
transfer, as described for Li-ion battery cathodes and 
conducting polymer films. The distinctive shape of the 
cyclic voltammograms also indicated an electrochemically 
driven rearrangement of the porphyrin nanostructure at 
the liquid|liquid interface. These observations, connected 
with the presence of easily ionisable carboxyl groups 
within the ZnPor-IN film, were rationalised in terms of 
electrochemically-driven binding of organic cations at 
anionic carboxyl (–COO–) groups and ion exchange of 
organic cations at neutral carboxyl (–COOH) groups in 
which protons are displaced. This concept is 
schematically shown in Schemes 1 and S1 (Supporting 
Information).
Scheme 1. Electrochemically-driven shifts in the chemical 
equilibria involving carboxyl groups in the ZnPor-IN film, 
aqueous protons H+, and organic bulky ammonium cations 
R2N+. The peak currents in the cyclic voltammograms (CVs) 
roughly correspond to negative  such that the fractions wo 𝜙
of groups in –COOH and –COOR2N forms are both large and 
similar to each other. As  is scanned more negatively wo 𝜙
from the peak, R2N+ ions enter the film from the organic 
phase and the same amount of H+ ions are transferred from 
the film to the aqueous phase. Two chemical equilibria are 
shifted: the acid dissociation of –COOH and the exchange 
between bound H+ and bound R2N+. For every –COOH group 
involved in the acid dissociation, a larger number n are 
involved in the ion exchange reaction. When –COOH 
dissociates, the proton H+ is displaced to the aqueous phase 
by a R2N+ ion that enters the film to compensate for the 
charge of –COO–. Should  be scanned to even more wo 𝜙
negative values, the R2N+ concentration in the film would be 
so that all carboxyl groups would be in –COOR2N form and 
some HCit2– ions would enter the film to compensate for the 
charge of the R2N+ ions. Conversely, as  is scanned from 
w
o 𝜙
the peak to less negative values, H+ ions enter the film from 
the aqueous phase and R2N+ ions are transferred from the 
film to the organic phase. Should  be scanned to wo 𝜙
moderately positive values, Li+ ions would enter the film to 
compensate for the charge of –COO–. For full clarity, Scheme 
S1 in the Supporting Information provides another more 
detailed overview of the dynamics of the electrochemically-
driven reversible ion intercalation process.
RESULTS AND DISCUSSION
Electrochemistry of the floating film of ZnPor-INs 
at the ITIES. The film of ZnPor-INs formed at the ITIES 
between a lithium citrate (Li2HCit) buffered aqueous 
solution and an organic solution of 
bis(triphenylphosphoranylidene)ammonium 
tetrakis(pentafluorophenyl)borate (R2NTB) in TFT (see 
cell configuration in Scheme 2). An image of the film is 
shown in Figure S1. The molecular liquid|liquid boundary 
is located within the ZnPor-IN film, which is considered 
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as a third phase separating the aqueous and organic 
solutions and a mixed-solvent layer.
Scheme 2. The general configuration of the four-electrode 
cell used for electrochemical measurements at the ZnPor-IN 
functionalised liquid|liquid interface. The organic phase was 
5 mM bis(triphenylphosphoranylidene)ammonium 
tetrakis(pentafluorophenyl)borate (R2NTB) in -
trifluorotoluene (TFT). The aqueous phase was lithium 
citrate (Li2HCit) at pH 5.8 (unless otherwise stated). The 
ZnPor-IN films were prepared from solutions of ZnPor at 
concentrations in the range of 10 to 100 M in contact with 
the TFT for 30 min, as described in the Experimental Section 
of the Supporting Information.
Cyclic voltammograms (CVs) were obtained with a 
four-electrode electrochemical cell, using the 
configuration outlined in Scheme 2, both in the absence 
and presence of the floating ZnPor-IN film at a scan rate 
of 1 mV·s-1. The interfacial concentration ГZnPor of ZnPor in 
the film was determined spectroscopically (Figure S2) as 
described in the Experimental Section (see Supporting 
Information) prior to all electrochemical measurements. 
The control CV in the absence of film was essentially 
featureless (dashed line, Figure 1a). The only signal 
observed upon varying the applied interfacial Galvani 
potential difference  was due to the aqueous wo 𝜙
background electrolyte citrate anions transferring to the 
organic phase at the negative extreme of the polarisable 
potential window (PPW). By contrast, in the presence of 
the ZnPor-IN film, several electrochemical signals were 
observed at negative 
potentials (solid line, Figure 1a). The absence of redox- 
active species in either phase means that the 
electrochemical signals in the presence of the ZnPor-IN 
film were purely ionic in nature.
The relationship between the two electrochemical 
signals on the negative scan with negative currents 
(labelled A and A’ in Figure 1a) and the signal on the 
positive scan with a positive current (labelled B in Figure 
1a) was investigated by systematically varying the lower 
vertex potential (Figure 1b). Switching the potential on 
the negative scan immediately after the appearance of 
peak A’ lead to a major reduction in the magnitude of the 
electrochemical signal on the positive scan. Labelled B’, 
this smaller peak was of a near-identical shape and 
magnitude to A’ (Figure 1b). Therefore, the 
electrochemical process giving rise to peak A’ was the 
reverse of that giving rise to peak B’. Indeed, the ratio of 
the magnitude of the charge for each peak was QA’/QB’  1 
for CVs obtained at scan rates ranging from 5 to 50 mV·s-1 
and close to 0.9 V at all ГZnPor at 1 mV·s-1 (Figure S3 and 
Tables S1 and S2). Furthermore, as peaks A and A’ were 
related with peak B, both A and A’ were associated with 
the same species.
The peak-to-peak separation between peaks A’ and B’ 
was 5.9 mV at a scan rate of 1 mV·s-1. Additionally, the 
peak current ip for peaks A’ and B’ varied linearly with the 
scan rate (Figure S3). Thus, the kinetics of these 
electrochemical signals were controlled by surface 
processes in the presence of the ZnPor-IN film. In the 
electrochemical configuration described in Scheme 2, no 
ionic species were present capable of undergoing ion 
transfer across the ITIES within the PPW. Therefore, the 
electrochemical signals observed in the presence of the 
ZnPor-IN film were due to a diffusion-less process, i.e., 
adsorption and capacitive phenomena, and not Faradaic 
ion transfer.
Figure 1. Cyclic voltammetry in the absence (dashed lines) and presence (solid lines) of the ZnPor-IN film at the ITIES. The 
electrochemical configuration of the four-electrode electrochemical cell was as described in Scheme 2. The influence of 
systematically varying the lower vertex potential on the CVs was investigated by switching the potential on the negative scan at 
(a) –0.285 V and (b) –0.215 V. The scan rate was 1 mV·s–1 and the start potential was 0.250 V. The interfacial concentration of 
ZnPor was ГZnPor = 0.88 nmol·cm-2.
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Self-assembly of the floating ZnPor-IN film at the ITIES 
was optimal at pH 5.8.36 As this pH matched the pKa of 
the ZnPor carboxyl groups, statistically 50% of them were 
deprotonated and charged in the bulk aqueous solution. 
Differential capacitance measurements are a macroscopic 
view of the charge distribution of the back-to-back 
diffusion layer or mixed solvent region.23,37–41 The 
capacitance minimum appears at the potential of zero 
charge (PZC). Figure 2a shows differential capacitance 
measurements obtained in the presence and absence of 
the ZnPor-IN film. Capacitance values were calculated 
from the imaginary part of the impedance at a frequency 
of 80 Hz. This frequency was selected in order to suppress 
Faradaic contributions due to ion transfer within the 
PPW. This effect was demonstrated in Figure S4a where 
the Faradaic current due to ion transfer of 
tetraethylammonium cations across a bare water|TFT 
interface was entirely filtered out at 80 Hz. A shift in the 
PZC of +100 mV was observed in 
the presence of the ZnPor-IN film (Figure 2a). This shift 
confirms a negative excess charge at the interface due to 
presence of deprotonated carboxyl groups at this pH.36 
The peak at –0.15 V was seen at all frequencies across a 
range from 5 to 80 Hz (Figure S4b), further confirming 
that these electrochemical signals in the presence of the 
ZnPor-IN film were associated with adsorption and 
capacitive processes.
The electrochemical signals in Figure 1 appear at 
negative , suggesting the binding of R2N+ cations to 
w
o 𝜙
the carboxyl groups of the ZnPor. These groups may exist 
in three states: –COO–, –COOH and –COOR2N. Their 
concentrations ,  and  can vary with the 𝑐COO ― 𝑐COOH 𝑐COOR2N
bulk aqueous pH, the applied , as well as with the wo 𝜙
Li2HCit and R2NTB concentrations. On the contrary, the 
total concentration
(1)𝑐T,COO = 𝑐COO ― + 𝑐COOH + 𝑐COOR2N
Figure 2. (a) Monitoring the potential of zero charge (PZC) by obtaining differential capacitance curves in the absence (dashed 
line) and presence (solid line) of the ZnPor-IN film. The capacitance was calculated from impedance measurements every 5 mV 
at 80 Hz assuming an RC circuit where R represents the solution resistance and C the double-layer capacitance. ГZnPor 
determined spectroscopically as 0.34 nmol·cm-2. (b) Cyclic voltammetry in the presence of ZnPor-IN films of increasing ГZnPor. 
The scan rate used was 1 mV·s-1. Inset: dependence of the peak charge Q on ГZnPor. The effect of varying (c) the pH and (d) R2NTB 
concentration on the electrochemical response was investigated in the presence of the ZnPor-IN film. The scan rate used was 5 
mV·s-1 and ГZnPor was 0.34 nmol·cm-2. Insets in (c) and (d): the relationships between peak potential Ep and pH or pR2N+ (= –
lg [R2N+]), respectively. For clarity, a zoomed in version of the CV obtained with [R2N+] = 1 mM (dashed blue line) in (d) is 
shown in Figure S6.
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is a constant related to ГZnPor. To corroborate the relation 
with , ГZnPor was systematically varied by increasing 𝑐T,COO
the bulk aqueous ZnPor concentration during the ZnPor-
IN film self-assembly. A linear increase in the charge for 
each peak, QA’ and QB’, was observed (Figure 2b). This 
linear increase was obtained despite ГZnPor far exceeding 
that expected for an interfacial monolayer of 
ZnPor(estimated as 0.095 nmol·cm–2, see Figure S5). Thus, 
the electrochemical signals were due to processes 
involving carboxyl groups within the ZnPor-IN film, and 
not only at surface sites facing the aqueous and organic 
electrolytes.
To probe the effects of the bulk aqueous pH and R2N+ 
concentration, both were varied independently (Figures 
2c and d). As we described previously,36 the ZnPor-INs 
were stabilised by cooperative hydrogen bonding. Thus, 
pH conditions more alkali than the carboxyl groups pKa of 
5.8 were ruled out as the ZnPor-IN film would destabilise 
and dissolve. The peak potentials for peaks A’ (EpA’) and B’ 
(EpB’) were found to depend on both the pH and pR2N+ 
(where pR2N+ = –lg [R2N+]), confirming their role in the 
electrochemical processes occurring at the ZnPor-IN 
functionalised ITIES. Uniform shifts of –70 mV/pH and 
+45 mV/pR2N+ were observed for both EpA’ and EpB’ 
(insets, Figures 2c and d). The magnitude of peaks A’ and 
B’ decreased drastically at the lowest R2N+ concentration 
investigated ([R2N+] = 1 mM), Figure 2d and Figure S6.
The influence of the nature of the aqueous anion on the 
electrochemical response was also investigated. Citrate 
anions are sensitive to pH, with pKa’s at 3.13, 4.76 and 
6.40, respectively.42 Thus, as the pH at the ITIES varies as 
a function of applied , a pH insensitive anion was wo 𝜙
chosen for comparison by replacing Li2HCit with LiCl. As 
shown in Figure S7, the nature of the anion had minimal 
effect on the electrochemical response. A near identical 
CV shape was observed and the trend in the shifts of EpA’ 
and EpB’ with pH replicated.
Peaks A’ and B’ in the CVs in Figures 1 and 2b-d are 
formed by the superposition of a narrow peak and a broad 
peak. Narrow "adsorption" peaks in CVs are considered to 
indicate positive cooperativity, i.e., every adsorption event 
is facilitated by the occurrence of a previous adsorption 
event. In this regard, for fundamental thermodynamic 
reasons, the CVs can be described using the Frumkin 
isotherm.15 For peak B’, we attribute the broad shoulders 
to binding of R2N+ at –COO– groups and ion exchange of 
R2N+ with –COOH groups (in which protons are 
displaced) near the o|IN interface as R2N+ flows from the 
organic phase into the ZnPor-IN film. The sharp peak of 
B’ is attributed to binding and ion exchange of R2N+ at –
COO– and –COOH groups, respectively, deeper inside the 
ZnPor-IN film. The second electrochemical signal on the 
negative scan, peak A, is attributed to a second binding 
and ion exchange event inside the ZnPor-IN film 
requiring more electrochemical driving force (see Figure 
1a). As detailed in the following section, all peaks are 
capacitive in nature and resemble “adsorption” due to a 
saturation limit to the concentration of –COOR2N species 
that form by binding and ion exchange as  is scanned wo 𝜙
negatively.
Modelling of electrochemically-driven reversible 
ion intercalation in the presence of the ZnPor-IN 
film. The modelling aims to clarify: (i) the capacitive 
nature of the electrochemical signals at negative  in wo 𝜙
the presence of the ZnPor-IN film, (ii) the trends in the 
shifts of the peak potentials as a function of the bulk 
aqueous pH and R2N+ concentration, and (iii) the 
characteristic CV shapes indicative of positive 
cooperativity. For the electrolyte concentrations used in 
the electrochemical experiments, the film thickness, LIN ≈ 
100 nm,36 is much larger than the aqueous and organic 
Debye lengths and the molecular liquid|liquid boundary 
is located within the ZnPor-IN film. Thus, as the film is 
considered as an intermediate phase (IN) separating the 
aqueous (w) and organic (o) solutions. From the point of 
view of ion solvation, it is a mixed-solvent layer, disliked 
by both aqueous ions and organic ions.
Within the PPW, no ions can transfer across the ITIES 
and the ZnPor-IN film behaves as a capacitor (Scheme 3). 
When  is scanned progressively more negative, the wo 𝜙
R2N+ ions are “pushed” into the film, but cannot transfer 
to the aqueous phase. Then, a few –COOH groups are 
forced to dissociate, and many more transform into –
COOR2N. In both cases, the released H+ ions are “pulled” 
into the aqueous phase. The charge of the anionic 
carboxyl groups –COO– is mostly compensated by R2N+, 
which are the majority ions in the film; HCit2– and Li+ are 
present only when  is very different to that around wo 𝜙
the peaks in Figure 2b. To understand the behaviour of 
the film as a capacitor, carboxyl groups in –COOH form 
are taken as a reference corresponding to absence of 
charges in the capacitor “plates”. The positive plate 
accumulates charge in the form of free R2N+ and bound 
R2N+. That is, the charge  in this positive plate is 𝑞o
basically proportional to . The negative plate 𝑐COOR2N + 𝑐
IN
R2N
has a charge  which is a measure of the reduction 𝑞w < 0
in the amount of –COOH groups, and hence proportional 
to . As  is made more negative, 𝑐T,COO ― 𝑐COOH wo 𝜙 𝑞o = ―
 increases, but remains of the order of . The 𝑞w > 0 𝑐T,COO
unfavourable solvation in this mixed-solvent layer bounds 
the free ion concentrations  and  to relatively 𝑐INR2N 𝑐
IN
HCit
small values, even for the most negative .wo 𝜙
Scheme 3. The ZnPor-IN functionalised liquid|liquid 
interface behaves as a capacitor. Carboxyl groups in –COOH 
form are taken as a reference corresponding to absence of 
charges in the capacitor “plates”. When  is scanned wo 𝜙
progressively negative, the R2N+ ions are “pushed” into the 
film, a few –COOH groups are forced to dissociate, and many 
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more transform into –COOR2N. The released H+ ions are 
“pulled” into the aqueous phase.
The concentrations of the ionic species R2N+, TB–, 
HCit2–, H+ and Li+ in the film (phase IN) must satisfy the 
local electroneutrality condition 
(2)𝑐COO ― +2𝑐INHCit + 𝑐INTB = 𝑐INR2N + 𝑐
IN
Li + 𝑐INH
The local electroneutrality condition can also be 
presented as 0 where𝑞o + 𝑞w =
(3)𝑞o = 𝐹𝐿IN(𝑐COOR2N + 𝑐INR2N ― 𝑐INTB)
(4)―𝑞w = 𝐹𝐿IN(𝑐T,COO ― 𝑐COOH + 2𝑐INHCit ― 𝑐INH ― 𝑐INLi )
are the charge densities in the capacitor and F is Faraday’s 
constant. In the potential range ―0.25 V < wo 𝜙 < ―0.05 
, the concentrations of R2N+, HCit2– and –COO–, , V 𝑐INR2N
 and , are the dominant terms in Equation (2). 𝑐INHCit 𝑐INCOO ―
For , the concentrations  and  of the wo 𝜙 > ―0.05 V 𝑐INLi 𝑐INTB
 and  species may become significant. Although Li + TB ―
some species make a negligible contribution in Equation 
(2), we keep them all for the sake of generality. The 
electrical double layers at the o|IN and IN|w interfaces 
extend over a fraction of the film thickness LIN, and local 
electroneutrality does not hold there. However, the 
contributions of the associated interfacial capacitances 
are small compared to other effects described below and, 
therefore, can be neglected.
The concentrations of the ionic species in phase IN are 
different from those in their respective phases. In 
absolute value, the Gibbs energy of transfer of the organic 
ions from phase o to phase IN is intermediate to that from 
phase o to phase w. Similarly, in absolute value, the Gibbs 
energy of transfer of the aqueous ions from phase w to 
phase IN is intermediate to that from phase w to phase o. 
Therefore, the ions have no chemical preference to enter 
phase IN, and their chemical partition coefficients into 
this phase are significantly lower than unity, . The 𝑃𝑖 ≪ 1
applied potential  also affects the distribution of the wo 𝜙
ions. The potential  is usually intermediate between 𝜙IN
those phases w and o, so that , wIN𝜙 = 𝜙w ― 𝜙IN INo 𝜙 = 𝜙IN
 and― 𝜙o
(5)wo 𝜙 = wIN𝜙 + INo 𝜙
have the same sign. The distribution equilibrium of, e.g., 
the organic cation R2N+ between phases o and IN requires 
 where  is its 𝑐INR2N = 𝑐
o,b𝑃R2Ne
―𝑓INo 𝜙 𝑐o,b = [R2N + ]
concentration in the bulk organic phase. Similar 
equations can be formulated for the other species, as 
described in detail in the Supporting Information.
The evaluation of the concentrations ,  and 𝑐COO ― 𝑐COOH
 in Equations (2)-(4) require the simultaneous 𝑐COOR2N
consideration of the ionic distribution equilibria and the 
chemical equilibria. Since , both the 𝑐INH = 𝑐w,bH 𝑃He𝑓
w
IN𝜙
negative  and the mixed-solvent nature of phase IN wo 𝜙
contribute to increase the interfacial pH with respect to 
the bulk aqueous pH, . Yet,  pHIN ― pH = ― lg(𝑐INH 𝑐w,bH ) > 0
if the latter is equal or lower than the  of the p𝐾a = 5.8
carboxyl groups, some of these groups can be protonated 
according to the equilibrium
 (6)𝐾INa 𝑐 ∘ =
𝑐INH 𝑐COO ―
𝑐COOH
where  and , see Equation (S32) in the 𝑐 ∘ = 1 M 𝐾INa = 𝐾a𝑃H
Supporting Information. The abundant R2N+ cations in 
phase IN can displace the bound protons and form –
COOR2N groups. The equilibrium of the ion exchange 
reaction
―COOH(IN) + R2N + (IN)⇄ ― COOR2N(IN) + H + (IN)
(7)
requires
(8)𝐾 ∘ , INIE =
𝑐INH 𝑐COOR2N
𝑐INR2N𝑐COOH
where  is the equilibrium constant. From Equations 𝐾 ∘ , INIE






𝐾INa 𝑐 ∘ + 𝑐INH + 𝐾 ∘ , INIE 𝑐INR2N
Substituting  from Equation (9) into Equation (2), 𝑐COO ―
and using the conditions of distribution equilibria of the 
ionic species, the potential drop  can be determined, wIN𝜙
see Equation (S17) in the Supporting Information. Hence, 
the ionic concentrations and  are known as functions of 𝑞o
, as well as the differential capacitance of the ZnPor-wo 𝜙
IN film
 . (10)𝐶 = ―d𝑞o dwo 𝜙
The applied potential  affects the distribution of the wo 𝜙
ions, and hence also the ion exchange equilibrium. Thus, 










As  is scanned progressively negative,  ∆wo 𝜙  𝑞o = ― 𝑞w > 0
increases. Across the IN|w interface,  ions may HCit2 ―
flow from phase w into phase IN (if  is sufficiently wo 𝜙
negative); the flow of Li+ and H+ ions from phase IN to 
phase w is usually negligible. Across the o|IN interface, 
R2N+ ions flow into phase IN; the flow of TB– ions from 
phase IN to phase o is usually much smaller. The increase 
in   shifts the ion exchange equilibria 𝑐INR2N = 𝑐
o,b𝑃R2Ne
―𝑓INo 𝜙
towards the formation of –COOR2N, at the expense of 
reducing  and . The increase in  gives 𝑐COO ― 𝑐COOH 𝑐COOR2N
rise to an "adsorption" peak in the CV because there is a 
saturation limit, . By convention, a positive 𝑐COOR2N ≤ 𝑐T,COO
charge flow from o to w gives rise to a peak in the CV of 
negative current.20,21 Similarly, as  is made more wo 𝜙
positive,  increases. Across the o|IN 𝑞w = ― 𝑞o > 0
interface, R2N+ ions flow towards phase o. Across the 
IN|w interface, HCit2– ions flow towards phase w. During 
such a potential scan,  decreases as  and 𝑐COOR2N 𝑐COO ―
 increase. The increase in  gives rise to an 𝑐COOH 𝑐COO ―
"adsorption" peak with a positive current in the CV 
(negative charge flow from o to w).
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Figure 3. CVs generated using the theoretical model qualitatively capture the main features of the experimental CVs at the ITIES 
in the presence of a ZnPor-IN film. (a) A comparison of the simulated (lines) and experimental CVs (symbols) at 1 mV·s–1 for the 
electrochemical cell described in Scheme 2 (with 5 mM R2NTB, 10 mM Li2HCit, a bulk aqueous pH = 5.8 and varying ГZnPor). In 
particular, the peak separation and the total charge under the peaks are well reproduced, though the shape of the peaks is not. 
The simulated CVs accurately describe the experimentally observed values of peak potentials and their linear shift with (b) the 
pH and (c) the R2NTB concentration at 5 mV·s–1 and ГZnPor = 0.34 nmol·cm–2. The parameter values for the simulations in panels 
(a)-(c) are shown in Tables S3 and S4.
The CVs can be simulated using an equivalent electrical 
circuit consisting of the solution resistance  in series 𝑅sol
with the parallel combination of the film capacitance C 
and the charge transfer resistance  (see Equations S19 𝑅ct
and S20, Supporting Information). This simple theoretical 
model qualitatively captures the main features of the 
experimental CVs, such as the total charge under the 
peaks, the peak separation and their variation with the 
bulk aqueous pH and the organic electrolyte 
concentration (see Figure 3 and Tables S3 and S4). 
However, this model does not accurately reproduce the 
shape of the peaks. The experimental peaks are the 
superposition of a narrow peak and a broad peak, the 
former occurring at a more negative  and having a wo 𝜙
smaller area (and hence charge) under the peak. Even the 
broad peak is narrower than predicted by this model.
Narrow "adsorption" peaks in the CVs are considered 
an indication of positive cooperativity. Herein, we 
propose that once the initial bulky R2N+ cations flow 
across the o|IN interface as  is scanned negatively, wo 𝜙
they "open" space in the nanostructure due to structural 
rearrangements of the porphyrins allowing the later R2N+ 
species to penetrate the ZnPor-IN film much more easily. 
Thus, this conformational change of the ZnPor-INs is the 
physical reason behind the negative  interaction 𝑔
parameters discussed vide infra, that is characteristic of 
positively cooperative adsorption. Furthermore, the 
characteristic shape of the purely capacitive CVs due to 
structural rearrangements of the porphyrins at the 
electrified liquid|liquid interface precisely resemble those 
of systems involving phase transitions at electrified 
solid|liquid interfaces, for example electrochemically 
driven structural changes of a copper adlayer on a Au(111) 
electrode surface.43
Cooperative binding of R2N+ ions can be described 
using the Frumkin isotherm, described in detail in the 
Supporting Information. As mentioned above, the peaks 
in the experimental CVs are formed by the superposition 
of a narrow peak and a broad peak. Accordingly, we have 
simulated the CV by adding the theoretical curves 
calculated with two sets of carboxyl groups, described by 
Equation (S24) in the Supporting Information. The set 
responsible for the narrow peak has a more negative 
Frumkin parameter  and a smaller constant 𝑔narrow
, so that the peak appears at more negative , 𝐾 ∘ ,INIE,narrow wo 𝜙
compared to the less negative  and larger  𝑔broad 𝐾 ∘ ,INIE,broad
corresponding to the set responsible for the broad peak. 
The electrical parameters  and  in Equation (S20), 𝑅sol 𝑅ct
Supporting Information, are common to both sets (Table 
S5). At 298 K,  and  𝑔narrow = ―3.5 𝑔broad = ―0.7
correspond to attractive interaction energies 𝑧c𝜀narrow =
 and𝑔narrow𝑅𝑇 = ―8.67 kJ·mol ―1 𝑔broad𝑅𝑇 = ―1.73 kJ·
. These  values seem reasonable on the basis of the mol ―1 𝑔
excellent agreement (Figures 4 and S7) between the 
simulated and the experimental CVs, given the 
complexity of the system under consideration. Moreover, 
a value  was observed for a Li+ intercalation 𝑔 = ―4.2
process, a system with very similar underlying 
thermodynamics.13
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Figure 4. The consideration of two types of binding sites, 
described by Equation (S24), Supporting Information, with 
 and , predicts simulated CVs (lines) 𝑔narrow = ―3.5 𝑔broad ―0.7
at 1 mV·s–1 and ГZnPor = 0.88 nmol·cm–2 that resemble more 
closely the experimental observations (symbols). 
Comparisons are provided for CVs obtained with ГZnPor 
values of 0.34, 1.94 and 4.19 nmol·cm–2 in Figure S8. The 
parameter values (Table S5) have been chosen on the basis of 
a qualitative agreement and not using a fitting algorithm.
Kinetics of electrochemically-driven reversible ion 
intercalation in the presence of the ZnPor-IN film. As 
 is scanned progressively negative, ion intercalation of ∆wo 𝜙
R2N+ from the organic phase into the ZnPor-IN film 
proceeds by binding and ion exchange, with  𝑐INCOOR2N
increasing. The aim of this section is to investigate the 
kinetics of this process by potential-step 
chronoamperometry. A particular focus is placed on the 
influence of both  and ГZnPor on the rates of the charge Δwo 𝜙
transfer processes. Current transients were obtained by 
maintaining a constant initial potential  for Δwo 𝜙initial 𝑡initial
, and varying the final potential  in 50 mV = 30 s Δwo 𝜙final
increments across the region where the electrochemical 
signals were observed , see (–0.05 V > Δwo 𝜙 >  –0.30 V)
Figure S9 and Figures 5a-b. The value  Δwo 𝜙initial = +0.25 V
was chosen because no discernible electrochemical 
processes were occurring at that , besides capacitive Δwo 𝜙
charging of the back-to-back double layers at the ITIES. 
Once more, four electrochemical cells with increasing 
ГZnPor (0.34, 0.88, 1.94, and 4.19 nmol·cm–2) were 
investigated.
Depending on  and ГZnPor, the current transients Δwo 𝜙final
presented a decay component, commonly associated to 
an adsorption process, and multiple rising components 
with current maxima, commonly associated with 
nucleation and growth processes. In this regard, these 
current transients obtained by potential-step 
chronoamperometry are highly reminiscent of those 
generated using the same
technique to study the kinetics of structural changes 
during the electrochemical switching of electronically 
conducting polymer films, such as polypyrrole, between 
their reduced (insulating) and oxidised (electronically 
conducting) states.35 The kinetics of processes in 
conducting polymers that lead to a current maximum 
after a potential-step are described by the 
electrochemically stimulated conformational relaxation 
(ESCR) model.44,45 In common with conducting polymer 
films, electrochemically driven processes (binding and ion 
exchange)in the ZnPor-IN film occur throughout a three-
dimension volume, with ion intercalation steps linked to 
morphological changes in the film structures.
A key question is how do we define the meaning of 
“nucleation” in the context of the ZnPor-IN film at the 
ITIES? Herein, we propose that the presence of nucleation 
transients was associated with domains within the 
nanostructures where, due to structural rearrangements 
of the porphyrins, the binding and ion exchange of R2N+ 
at –COO– and –COOH groups, respectively, took place 
faster. Also, the energetically less demanding binding and 
ion exchange of further R2N+ species after these structural 
rearrangements of the porphyrins is the physical reason 
underlying the electrochemical observation of positively 
cooperative behaviour discussed earlier.
Prior to kinetic analysis, the initial 50 ms (the value 
obtained from impedance measurements for the RC 
constant of the cell) were neglected and the residual 
current subtracted such that j = 0 A·cm-2 at t = 40 s. For all 
ГZnPor values, the transients obtained using –0.05 V, –0.10 
V and –0.15 V as  (and +0.25 V as ) did not Δwo 𝜙final Δwo 𝜙initial
show any significant nucleation component (Figure S9). 
Thus, the analysis was focused on the transients obtained 
using –0.25 V, –0.30 V and –0.35 V as , where the Δwo 𝜙final
nucleation features were observed (Figures 5a-b). In many 
cases, more than one nucleation component was observed 
experimentally, up to a maximum of three. The latter may 
be associated with binding and ion exchange at inner 
carboxyl sites. Therefore, the nucleation components 
were de-convoluted from the total current signal by 
plotting the derivative of the total current. From the 
derivative, the time tmax of the peak current maximum for 
each nucleation component within each transient was 
easily identified, see Figure 5c. A summary of these tmax 
values as a function of ГZnPor and  is presented in Δwo 𝜙final
Table S6. Using these tmax values as a clear guide to the 
number of nucleation components present, the total 
fitted current for any transient may be obtained as a 
summation of the adsorption and nucleation components 
using exponential decay and Gaussian-type functions, 
respectively (Figure S10).
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Figure 5. Kinetics of electrochemically-driven reversible ion intercalation by potential-step chronoamperometry in the presence 
of the ZnPor-IN film. (a) Current transients probing the influence of  were obtained by varying  in 50 mV Δwo 𝜙final Δwo 𝜙final
increments at a constant ГZnPor of 1.94 nmol·cm–2 and  of +0.25 V for 30 s (tinitial). (b) Current transients probing the Δwo 𝜙initial
influence of ГZnPor were obtained by increasing ГZnPor from 0.34 to 4.19 nmol·cm2 while maintaining a constant  of +0.25 Δwo 𝜙initial
V for 30 s and  of –0.25 V. (c) Deconvolution of the tmax values of the nucleation components from an experimental Δwo 𝜙final
current transient (solid black line, obtained with a ГZnPor of 4.19 nmol·cm-2,  of +0.25 V for 30 s, and  of –0.30 V) Δwo 𝜙initial Δwo 𝜙final
by obtaining the derivative (dashed blue line). (d) Plot of ln(tmax/s) versus  for current transients obtained with a  Δwo 𝜙final Δwo 𝜙initial
of +0.25 V for 30 s and ГZnPor of either 1.94 (red circles) or 4.19 nmol·cm2 (black circles). The tmax data is that obtained for the 
second nucleation component, designated as tmax2 in Table S6.
An increase in nucleation kinetics will be reflected in a 
shorter time required to reach tmax for each nucleation 
component. For all values of ГZnPor and , the shifts of Δwo 𝜙
tmax followed consistent trends. At a constant ГZnPor and 
, an increase in nucleation kinetics (decreasing Δwo 𝜙initial
tmax) was seen as  was set to more negative values Δwo 𝜙final
(Figure 5a and Table S6). In other words, conformational 
relaxation to the more open nanostructure is faster as 
more energy is applied to drive R2N+ species into the 
ZnPor-IN film, leading to the creation of more nuclei. 
Conversely, at a constant  of +0.25 V and  Δwo 𝜙initial Δwo 𝜙final
of –0.25 V, a decrease in nucleation kinetics (increasing 
tmax) was seen as ГZnPor increased (Figure 5b and Table S6). 
The latter indicates that more energy is required to 
achieve conformational relaxation as ГZnPor increases. A 
prediction of the ESCR model is that a linear relationship 
exists between ln(tmax/s) and the energy required to relax 
and swell the conducting polymer film by oxidation, i.e. 
the anodic overpotential.46 In line with this prediction, 
plots of ln(tmax/s) versus  for one of the nucleation Δwo 𝜙final
sites (designated tmax2) are linear and exhibit the same 
slope for the higher ГZnPor studied, 1.94 and 4.19 nmol·cm–2 
(Figure 5d). The latter identical slopes indicate the rate of 
increase in nucleation kinetics (decreasing tmax) as  Δwo 𝜙final
shifts negatively is independent of ГZnPor in the range 
studied, highlighting that the liquid-liquid interface 
buried within the nanostructure has a finite thickness.
Finally, the effect of the initial “compaction” of the 
ZnPor-IN film on the kinetics were evaluated using two 
different experimental approaches. As R2N+ are bulky 
organic cations, far larger than the protons they displace 
from –COOH groups, it can be reasonably assumed that 
the volume of the ZnPor-IN film swells at negative  Δwo 𝜙
values, reducing the films compaction. First, ГZnPor and Δwo
 were maintained constant at 1.94 nmol·cm–2 and –𝜙final
0.25 V, respectively, and  varied from +0.20 V to Δwo 𝜙initial
+0.45 V every 50 mV with a tinitial of 30 s (Figure S11a). The 
current transients measured were near identical for all 
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values of  tested with no measurable difference in Δwo 𝜙initial
the absorption component and, on close inspection (see 
inset Figure S11a), a slight decrease of tmax for the 
prominent nucleation component. This slight increase in 
the nucleation kinetics is the opposite of what was 
expected if the film was more compact at positive values 
of . We attribute the minor increase in nucleation Δwo 𝜙initial
kinetics to an interaction of the organic anions, TB–, with 
the ZnPor-IN film at positive potentials leading to a 
partial opening of the nanostructure. As the ZnPor-IN 
film and TB– are both negatively charged, this interaction 
is far weaker than that of ZnPor-IN film and the R2N+ 
species. Nevertheless, when the potential is stepped to –
0.25 V, slightly less energy is required to open space for 
the penetration of the R2N+ species. In the second 
experiment, ГZnPor, , and  were maintained Δwo 𝜙initial Δwo 𝜙final
constant at 1.94 nmol·cm–2, +0.25 V and –0.25 V 
respectively, and tinitial varied from 5 to 60 s (Figure S11b). 
As for the previous experiment, the current transients 
measured were near identical for all values of tinitial tested 
with no measurable difference in the absorption 
component and, on close inspection (see inset Figure 
S11b), a slight increase of tmax for the prominent 
nucleation component. This minor decrease in the 
nucleation kinetics indicates a slightly more compact 
nature as tinitial increased.
CONCLUSIONS
The thermodynamics and kinetics of ion intercalation 
into a floating film of zinc porphyrin interfacial 
nanostructures (ZnPor-INs) were probed 
electrochemically without the need to support the ZnPor-
IN film on a conductive electrode substrate. Instead, the 
film was supported on an electrified liquid|liquid 
interface and could be regarded to a mixed-solvent layer 
separating the aqueous and organic solutions. The 
electrochemical signal was due to purely ionic processes, 
not linked to redox reactions.
The film behaves as a capacitor. The ZnPor-IN film is 
electroneutral and the concentration of free ions is 
relatively small because of solvation effects. On increasing 
the negative polarisation of the interface, , the Δwo 𝜙 < 0
organic ammonium cations (R2N+) from the organic phase 
enter the film and intercalate the ZnPor-IN. Then, a few 
neutral carboxyl (–COOH) groups are forced to 
dissociate, and many more transform into –COOR2N. In 
both cases, the released H+ ions leave the film and enter 
the aqueous phase. The charge of the anionic carboxyl 
groups (–COO–) is mostly compensated by free R2N+ ions. 
The total (i.e., free and bound) R2N+ concentration in the 
film, , is a measure of the positive charge  𝑐COOR2N + 𝑐
IN
R2N
accumulated in the film as a capacitor; the negative 
charge in the capacitor corresponds to H+ ions leaving the 
film (where there were bound as –COOH). To a lesser 
extent, aqueous citrate (HCit2–) anions and lithium (Li+) 
ions may also participate in this capacitive film behaviour.
The shape of the CV was distinctive, formed by the 
superposition of a narrow peak and a broad peak. The 
former indicated a positive cooperativity mechanism for 
ion intercalation and was attributed to structural 
rearrangements of the porphyrins at the electrified 
liquid|liquid interface during R2N+ intercalation. 
Employing the Frumkin isotherm, experimental CVs were 
simulated with negative  interaction parameters in line 𝑔
with those observed for a Li+ intercalation process, a 
system with very similar underlying thermodynamics.13 
The kinetics of R2N+ intercalation were investigated by 
potential-step chronoamperometry. Depending on the 
applied interfacial Gavani potential  and the Δwo 𝜙
interfacial concentration ГZnPor of ZnPor, current 
transients presented a decay and multiple nucleation 
components. The latter was associated with domains 
where, due to structural rearrangements of the 
porphyrins, the electrochemically-driven binding and ion 
exchange of R2N+ took place faster. The nucleation 
kinetics were seen to increase as the final potential Δwo
 was set to more negative values and decrease as 𝜙final
ГZnPor increased.
Overall, using electrified liquid|liquid interfaces, there 
is clearly significant potential to study, for the time, by 
electrochemical methodologies the dynamics of ion 
intercalation into solid matrices that are non-
electronically conductive and/or that operate as non-
electronically connected device components (for example 
ion exchange membranes). Such insights may critically 
influence the performance of a multitude of devices (Li-
ion batteries, supercapacitors, fuel cells, electrolysers, 
etc.) with energy-related applications.
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